Summary of Technical Progress
Four activities continued this quarter as part of the geological and reservoir characterization of carbonate mound buildups in the Paradox basin: (1) field studies, (2) development well completion operations, (3) reservoir analysis and modeling, and (4) technology transfer.
Field Studies
During this quarter, base maps and new isochron maps covering project fields were prepared and cores were described fiom selected project wells with special emphasis on bounding surfaces of possible flow units. Reservoir data, conventional cores and cuttings, geophysical logs, and other information from the project fields and regional exploratory wells were collected by the Utah Geological Survey (UGS). Well locations, production reports, completion tests, core analysis, formation tops, and other data were compiled and entered in a database developed by the UGS for the 51 project wells.
The five project fields are Runway, Heron North, Anasazi, Mule, and Blue Hogan located in the Paradox basin of southeast Utah (Fig. 1) ; they are five of several satellite carbonate mounds around the Greater Aneth field @by et al'). Oil and gas are produced from the Pennsylvanian (Desmoinesian) Desert Creek and Ismay zones of the Paradox Formation. The fields were discovered in 1990 and 1991 as part of an ambitious exploration program conducted within the Navajo Nation by Chuska Energy Company (now Harken Southwest Corporation) and several Australian companies. Seismic surveys and subsurface geology were used to identify prospects. Each carbonate mound is expressed on seismic coverage (Fig. 2 ) by isochron thickening of the Desert Creek zone, isochron thinning of the overlying Ismay zone, amplitude dimming of the Desert Creek reflector, and a "doublet" development of the Desert Creek event (Johnson and Groen2) .
Each field consists of one to three wells. Development wells are drilled on either 40-acre spacing or under the SO-acre-spacing rules established at Greater Aneth field. Completion practices consist of selective perforation and treatment with varying amounts of acid. The reservoir drive is gas expansion. Primary production ranges from 700,000 to 2,000,QOO bbls of oil per field at a 15 to 20% recovery rate. Geological and engineering data for each field are summarized on Table 1 .
Runway Field
Runway field consists of three wells with the discovery well, the Runway 10-G-1, completed in 1990 at an initial potential flow (IPF) of 825 bbls of oil per day (BOPD) and 895 thousand cubic feet of gas per day (MCFGPD) fiom commingled Desert Creek and upper Ismay zones. The Runway prospect was identified as a high-resolution, corninon-depth point seismic anomaly in the northern Aneth platform area. This anomaly, east of the Greater Aneth field ( Fig.  3) , is located on the upthrown edge of a basement-involved, Mississippian-age normal fault which was a high during Paradox Formation time.
The Runway field is a lenticular, west to east-northeast trending lobate mound, 0.9 mi long and 0.5 mi wide. The reservoir consists of a bryozoan-dominated mound with phylloid algal mound intervals. The presence of two mound types at Runway field suggests that the water depth changed as the carbonate deposits built up over the fault-controlled paleohigh. The principal Desert Creek reservoir rocks in the field are bindstone and framestone, rarely dolomitized, in the bryozoan-dominated interval and porous bafflestone (calcified plates of the green algae Ivanovia) with some grainstone and occasional dolomitization in the phylloid algal mound interval. The Ismay reservoir rock is sucrosic dolomite. Both carbonate buildups are interbedded with low permeability wackestone and mudstone.
Cumulative production from Runway field is 722,038 bbls of oil (BO) and 2.064 billion cubic feet of gas (BCFG) as of January 1, 1995 (Utah Division of Oil, Gas and Mining [DOGW3). Estimated primary recovery is 800,000 BO and 2.99 BCFG.
Heron North
Heron North field, southeast of the Greater Aneth field, consists of one well, the North Heron 35-Cy completed in 1991 at an IPF of 605 BOPD and 230 MCFGPD from the Desert Creek zone. The North Heron prospect was identified as a seismic anomaly.
The Heron North field is a lenticular, northwest to southeast trending linear moundheach complex, 0.75 mi long and 0.5 mi wide. The reservoir consists of a bioclastic calcarenite mound above a anhydrite-and salt-plugged phylloid algal mound. This calcarenite mound type, which is also productive in the Heron 35-H well 0.5 mi southeast of Heron North, developed in a carbonate beach to foreshore environment with moderately high wave energy. Trough crossbedding is often present. The reservoir consists of alternating 2to 4-fi-thick packages of uniform beach calcarenite and poorly sorted foreshore and storm lag rudstone or breccia deposits. An 8-ft-thick anhydrite lies immediately above the reservoir interval and creates an effective seal. The principal reservoir rocks in the field are porous, sucrosic, dolomitized grainstone and packstone (calcarenite) above tight bafflestone composed of algal stromatolitic mats. The calcarenite and bafflestone intervals are separated by low permeability, dolomitized wackestone and mudstone. Stylolitization, secondary cementation, and evaporite plugging are modest in the upper portion of the reservoir, but increase with depth. Pores are often lined with bitumen which in many instances plugs pore throats.
Cumulative production from Heron North field is 191,152 BO and 0.261 BCFG as of January 1, 1995 @OGM3). Estimated primary recovery is 990,000 BO and 2.65 BeFG.
Anasazi Field
Anasazi field consists of four wells. The discovery well, the Anasazi 1, was completed in 1990 at an IPF of 1705 BOPD and 833 MCFGPD from the Desert Creek zone. The Anasazi prospect, near the southwest edge of Greater Aneth field, was identified as a seismic anomaly along the east flank of the Desert Creek anticline. During the last contract quarter a modified seismic interpretation was completed for the field and converted into a gross Desert Creek isopach map.
Anasazi field is a lenticular, west to northeast trending lobate mound, 0.9 mi long and 2000 to 3000 ft wide. The reservoir consists of a phylloid algal mound. This mound type, which dominates the area southwest of Greater Aneth field, developed where shallow water depth and low wave energy allowed establishment of phylloid algal colonies on paleohighs. The principal reservoir rock in the field is porous algal .bafflestone, some grainstone, and dolomitized zones interbedded with low permeable wackestone and mudstone. Extensive fresh water dissolution and early dolomitization has resulted in good to excellent porosity development and permeability modification.
Cumulative production from Anasazi field is 1,535,090 BO and 1.138 BCFG as of January 1, 1995 (DOGM3). Estimated primary recovery is 2,069,392 BO and 1.89 BCFG. Preliminary analysis of Anasazi field indicates the Desert Creek reservoir is a prime candidate for a CO, miscible flood demonstration.
Mule Field
Mule field consists of two wells, the Mule 3 1-K-1 (N) discovery well and the Mule 3 1-My completed in 1991 and 1992 respectively. The Mule 31-K-1 (N) well tested approximately 10 bbls of oil per hour (based on several swab tests) with water cut increasing on each test and produced only 283 BO before being shut-in. The Mule 31-M offset well had an IPF of 735 BOPD and 97 MCFGPD from the Desert Creek zone. The Mule prospect, near the southwestern edge of the Greater Aneth field, was identified as a seismic anomaly. During the last contract quarter, a seismic program was laid out for the field and new seismic interpretations and mapping commenced.
The Mule field is a lenticular, northeast to east trending linear mound/mound flank deposit, 0.5 mi long and 900 ft wide. The reservoir consists of a phylloid algal mound combined with mound flank detrital deposits. Several beds in the Mule 31-K-1 (N) well core exhibit characteristics of mound flank deposits such as downslope gravity transport and sharp erosional basal contacts. The top of the phylloid algal interval is highly irregular with several cross-cutting zones of dissolution cavities possibly fiom karsting during subaerial exposure. The principal reservoir rock in the field is porous algal bafflestone ( Fig. 4) , crinoidal packstone, and dolomitized zones interbedded with low permeable wackestone, mudstone, and dolomite. Incomplete dolomitization and secondary anhydrite replacement have resulted in poor reservoir properties in some intervals.
Cumulative production from Mule field is 315,106 BO and 0.178 BCFG as of January 1, 1995 @OGM3). Estimated primary recovery is 430,603 BO and 0.288 BCFG.
Blue Hogan

_-
Blue Hogan field consists of one well, the Blue Hogan 1-J-1, completed in 1991 at an IPF of 1167 BOPD and 722 MCFGPD fiom the Desert Creek zone. The Blue Hogan prospect, near the southwest edge of the Greater Aneth field, was identified as a seismic anomaly along the east flank of the Desert Creek anticline.
Blue Hogan field is a lenticular, northwest to southeast trending linear mound, 0.5 mi long and 1000 ft wide. The reservoir consists of a phylloid algal mound. The principal reservoir rock in the field is porous algal bafflestone and dolomitized zones interbedded with low permeability wackestone and mudstone.
Cumulative production fkom Blue Hogan field is 269,106 BO and 0.239 BCFG as of January 1, 1995 (DOGM3). Estimated primary recovery is 645,000 BO and 0.968 BCFG.
Project Development Well Completion Operations
The first project development well, the Anasazi 6H No. 1 in the Anasazi field (SE1/4NE1/4 section 6, T. 42 S., R. 24 E., Navajo Nation, San Juan County, Utah [Fig. l] ), was completed on September 15, 1995 for an IPF of 31.3 BOPD, 25 MCFGPD, and 7.5 bbls of water per day in the Desert Creek and Ismay zones. An algal bafnestone interval in the Desert Creek zone was perforated from 5723 to 5730 ft and acidized. The resulting test indicated the pressure and permeability in the interval were too low to yield any meaningful data. A dolomite interval in the upper section of the Desert Creek was perforated from 5680 to 5694. This interval was subsequently acidized and swab tested for 2 BOPD. After the swab test, a 200 hr pressure buildup was run. A skin factor and permeability of +13 and 1.2 millidarcies (md) respectively was derived from the pressure buildup test. Given the high skin damage, the zone was reacidized. Several additional intervals were perforated including the upper Ismay zone from 5526 to 5531 ft. Production facilities have now been installed and the well flow rate has stabilized at 17 BOPD fiom the gross perforated intervals of 5664 to 5741 ft and 5526 to 5531 ft.
Reservoir Analysis and Modeling
Reservoir Analysis
Conventional core was obtained from the Desert Creek zone of the Anasazi 6H-1 well.
Selected plugs from the reservoir are being used to determine oivwater and gas/oil relative permeability measurements. These data will bz incorporated into the Anasazi reservoir flow simulation model. Whole core intervals were scanned using computerized axial tomography (CAT) techniques to ensure that permeability measurements are based on comparable pore systems. The three most homogeneous intervals were selected for additional analysis. Upon further examination and CAT scans, one interval appeared as the most homogeneous and contains the highest porosity. Four transverse plugs were taken from this interval for detailed CAT scans, and porosity and relative permeability measurements (Fig. 5 ). A variety of features were observed using these techniques including anhydrite-filled vugs, both microlrruggy and intercrystalline porosity, patches of bitumen-filled pores, and areas of nonporous carbonate mudstone.
Reservoir Modeling and Simulation
The reservoir analysis for one of the project fields will be accomplished with a field-scale, compositional reservoir simulator. Both water flooding and CO, flood are being evaluated. Permeability variations, reservoir pressures, production data, and other information are being incorporated into the simulation in order to accurately predict reservoir response. During the contract quarter, various one-and two-dimensional reservoirs models were created and tested.
Oil-water capillary pressure and relative permeability data were compiled into a data set suitable for reservoir simulator input. A one-dimensional, model initialization data set was also assembled for depletion analysis. Mechanistic one-and two-dimensional models and rate data deck were constructed. Pressure/volume/temperature (PVT) data from project fields were reviewed. This information will be entered into a computer program to develop a preliminary .. . conditions. As part of this task, gas-oil capillary pressure values were calculated from mercuryair capillary pressure measurements. Two preliminary equations of state (9 and 10 pseudo components mydrocarbon components combined based on molecular weight]) were developed using Anasazi field and other PVT data from the area. Gas-oil and water-oil relative permeability tables were entered into the simulation model initialization data set. The Peng Robinson equation of state parameters were then added into the simulation model initialization data set. Initialization and recurrent data sets were built for a two-dimensional model. Preliminary equation of states were fmalized including a new 13 component version from which parameters were generated for one-and two-dimensional composition simulation runs. A series of one-and two-dimensional simulation runs were conducted. Model properties were adjusted to achieve an approximate match of field gas to oil ratios and pressures, and instructions were prepared for correcting the data set of field well rates that will be put into the simulator. Measured water-oil relative permeability curves were smoothed to give conventional shapes at low water saturations. The revised water-oil relative permeability tables and historic, monthly oil-production rates were added to the simulation input files. Solution techniques for the two-dimensional model were tested for speed and productivity. Indexes were calculated for the predictive phase of the one-dimensional model. The one-dimensional model was extended for a 25-year forecast period for Anasazi field.
The two-dimensional simulation was analyzed with a vertical to horizontal ratio of 0.02 md. Oil composition changes during the primary depletion were tabulated. The simulation model of the Anasazi history was extended to January 1996 and gas saturations, gas phase mole fractions, and oil-phase mole fractions were calculated for the dolomite and algal bafflestone intervals. The results were analyzed for a two-dimensional simulation case where a permeability barrier was placed between dolomite and algal bafflestone intervals which are present in Anasazi field wells. Then run files were created to extend the model without the permeability barrier to the year 2020 and forecast plots were prepared.
A two-dimensional simulation was run for a water-injection, repressurization case and after analyzing the results a series of repressurization runs were conducted to focus on the time and pressure when the gas saturation went to zero within a month and a day. The average oil composition was also plotted for the time the gas saturation went to zero. A one-dimensional suite of runs was designed to determine: (1) CO, minimum miscibility pressure, (2) a CO, flood with a back pressure of 2300 pounds per square inch absolute (psia), and (3) a C0,-flood case with a back pressure of 1700 psia CO, swelling and multi-contact studies were conducted with CO, and original composition. A two-dimensional model case was created with a new producer on the west side of the Anasazi field and the incremental oil production was determined.
Several one-dimensional C0,-flood simulation cases were created, submitted, and analyzed to: (1) investigate grid sensitivity, (2) develop a recovery factor versus pressure relation, (3) evaluate conditions where oil has undergone primary depletion and repressurization, and (4) evaluate two layers with zero vertical permeability using the BLITZ equation solver comparing results against the GAUSS equation solver. The recovery factors were plotted versus pressure and a run was submitted to generate saturations and compositional arrays for a one-dimensional CO, flood at 2600 psia. The data was tabulated to plot gas saturation, oil saturation, gas-phase mole fractions, and oil-phase mole fractions versus time for the middle cell.
Using data from the four wells in the Anasazi reservoir: (1) the average and standard deviation of porosity and water saturation were calculated for each of three lithologic intervals, and (2) density/lithology crossplots were constructed to develop a three-dimensional reservoir model. These data were compared to off-mound wells. A trend surface for the basal reservoir was developed and a grid translationhotation formula determined. Two and three layer models were developed with cross flow to match pressure data. The seismic isolith map was digitized and an initial three-dimensional grid system was designed setting up a simulation initialization file for 15 and 20 layer cases.
Technology Transfer
Information on the Paradox basin project was shared with industry and the public at professional society meetings and through geological newsletters. Project materials were displayed at the UGS booth during the American Association of Petroleum Geologists Rocky Mountain Section meeting held in Reno, Nevada, July 16-19, 1995 . The UGS released the August 1995 issue of Survey Notes and the July 1995 issue of Petroleum News both featuring articles about the Class I1 Paradox basin project. The purpose of Suwey Notes is to provide nontechnical information on contemporary geologic topics, issues, events, and ongoing UGS projects to Utah's geologic community, educators, state and local officials and other decision makers, and the public. The purpose of PetroZeum News is to keep petroleum companies, researchers, and other parties involved in exploring and developing Utah energy resources, informed of the progress on various energy-related UGS projects. Survey Notes is published three times yearly and Petroleum News is published semi-annually. Single copies are distributed free of charge and reproduction is encouraged with recognition of source.
Future technolgy transfer includes a Geology and Resources of the Paradox Basin symposium and field trip tentatively scheduled for September 1996 in Durango, Colorado. Sponsoring organizations are the Bureau of Indian Affairs, Utah Geological Survey, Colorado Geological Survey, U.S. Geological Survey, Utah Geological Association, Four Comers Geological Society, Fort Lewis College, and Ute Mountain Ute Indian Tribe. The two-day symposium will be preceded by a three-day field trip. The symposium will include poster and oral technical sessions, keynote addresses, and a UGS workshop presenting the results of the geological and reservoir characterization (phase 1 budget period 13) of the Class I1 Paradox basin project. The UGS will conduct visits to outcrop reservoir analogues and tours ofiroduction facilities of project fields during the field trip. A special guidebook will be published as part of the symposium and will include papers derived from the UGS project. reservoir zones.
Continue data collection. Well information such as oil, gas, and water analyses; core descriptions; reservoir tops; and other data will be entered into the UGS database for manipulation.
Continue work on various reservoir maps for project fields. interpretations at Mule field.
Complete seismic
Prepare for and conduct outcrop work on phylloid algal mounds exposed along the San Juan River as reservoir analogues both in sequence stratigraphic framework and depositional patterns.
Conduct relative permeability and phase behavior work. Develop preliminary EOS (based on original PVT studies) for the laboratory phase behavior program and prel&ary onedimensional composition simulation. Set up the one-dimensional reservoir analogue compositional simulator to study preliminary depletion performance from compositional stand point and produce preliminary CO, design once the updated EOS is developed. Compare current tuned EOS and original compositions to revised EOS and new compositions.
Evaluate petrophysical models of the five project fields u t i l i i g geophysical logs and conventional core data on new petrophysical s o h a r e . Integrate pressure transient work with petrophysical work.
Develop geostatistical layering and grid design for Anasazi reservoirs. Assemble constraining and well condition datasets for incorporation into the reservoir model. Finalize three-dimensional exterior simulation grid.
